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INTRODUCTION
Aliphatic polyesters such as poly (butylene succinate), poly(L-lactic acid) (PLLA) and Poly (ε-caprolactone) (PCL) have extensive range of degradation rates and mechanical properties, unsuitable stiffness and/or degradation rates limit their application [1] [2] [3] . Consequently, plasticisation through blending with other polymers or through copolymerization is often employed to adjust the mechanical and thermal properties of these polymers in accordance to application requirements [4] .
PCL blends have properties that are attractive for the design of tunable biomaterials such as slow crystallisation kinetics and low melting temperatures in the physiological range. Also, slow degradation rates, with relatively minimal acid generation, can be valuable for prolonged drug release. Furthermore, its exceptional blend-compatibility has stimulated wide research into its potential application in the biomedical field [5] . PCL blends/compounds are used in sutures, ultra-thin films for dressing cutaneous wounds [6] , contraceptive and fixation devices [7, 8] , dentistry as root fillings [9] and pharmaceutical applications for manufacturing polymeric devices for controlled drug delivery [10] . Dosage formulations for drug delivery have received excessive attention as they can transfer drugs, genes and proteins via various administration routes, including intravenous, ocular, nasal and oral [11] . A previous study has focused on controlling the release profile of a model active pharmaceutical ingredient (API), the antibacterial nalidixic acid (NA), from PCL by blending with PEG [10] . The rate of in vitro release of NA from the extrudate was shown to be strongly influenced by the composition and processing properties of the blends. The mechanical and thermal characterisation of new polymeric systems is necessary to clarify the micro-structure of heterogeneous systems, such as semi-crystalline polymers, blends or copolymers, especially for controlled drug delivery.
However, there are only very few publications studying the influence of conditions and processing procedures on the final mechanical and thermal properties of the system [12] . We have already reported our investigation of the effect of PLLA addition on the thermomechanical properties of PCL/NA blends [11] ; here we report on the effect of PEG on the mechanical and thermal properties of PCL/NA blends as prepared by hot melt extrusion. PEG is approved by FDA for use in medical devices, it is commonly used for PEGylation and it can transfer its properties to other molecules by covalent bonding, which can result in toxic molecules becoming non-toxic and hydrophobic molecules becoming soluble at certain ratios [13, 14] . The PEG was chosen in this study as the blended material in order to reduce the stiffness of the PCL and to increase thermal degradation rates with the overall goal of aiding the release of drugs from the PCL matrix. Once all the blends were processed using extrusion and pressed into plaques, analysis of the resultant material was undertaken, with mechanical and thermal properties determined. The blends were characterized by tensile and flexural analysis, Dynamic Mechanical Analysis (DMA), Differential Scanning Calorimetry (DSC), Thermogravimetric Analysis (TGA) and X-ray Diffraction (XRD).
MATERIALS & EXPERIMENTAL PROCEDURES

Poly (ε -caprolactone), Polyethylene glycol and Nalidixic Acid
Full details regarding the polymers physical properties and reason of selection can be found in [10, 11] . NA's chemical formula is C12H12N2O3 and is chemically known as 1,4-dihydro-1ethyl-7-methyl-4-oxo-1,8-naphthridine-3-carboxylic acid. PEG was selected as a pore former to aid drug release. All % compositions are w/w.
Sample preparation
The methods of preparing the polymer blends are given in a previous publication [10] . In brief; PCL, PEG and NA mixtures with different compositions were blended into their respective compositions in a high speed mixer at 1800±5 rpm for 5min (Rondol DAC150, UK). Material blends were fed into a 25mm Twin Screw Extruder at 120±1 rpm and 80-90±2 1C (Dr Collin Z25, Germany), to produce a continuous strand of each blend. The strands were then quenched in a water bath (20±0.5 C), and finally passed through a pelletiser.
Characterisation
The method used for tensile and flexural analysis, dynamic mechanical thermal analysis, DSC, TGA and wide angle XRD is identical to that described in [10, 11] .
RESULTS AND DISCUSSION
Mechanical Properties
Tensile Properties
The tensile properties of the PCL-PEG blends are shown in show the effect of PEG and NA on the stiffness of the blends, there are competing mechanisms influencing the blend stiffness the PEG appears to reduce the stiffness while the NA acts a reinforcement which increases stiffness. Rosa and co-workers found similar results using low molecular weight PEG which was added to PCL. Their studies showed that the PEG decreased the tensile strength and elongation at break respectively [15] . In Figure 3 , the addition of the PEG has little effect on the flexural modulus of the PCL matrix while the addition of NA into the 5% PEG blend greatly increases the degree of stiffness. However, this stiffness is counterbalanced by the increased loading of PEG to 25%, thereby restoring flexibility.
Dynamic mechanical thermal analysis
The mechanical transitions from the crystallisation of PCL-PEG blends are shown in Figure   4A and Figure 4B . The data again indicates that the β and α transitions are observed but it is clear that the addition of the PEG to the PCL reduces the β transition. The results indicate that the storage modulus decreases as the testing temperature is increased and drops sharply at the glass transition temperature where there is a corresponding large peak in the tan δ. The small change in the peak α transition and also in the Tg can be attributed to the partial miscibility of the PCL-PEG system, which causes the increase towards the PEG Tg of -24°C as the weight content increases [16] . Again, the stiffening effect of the NA is noted by the increasing storage modulus values recorded at ambient conditions.
Thermal Properties
Differential Scanning Calorimetry
PCL, which is semi crystalline, has a low melting point (58-64 °C depending on crystal content) and glass transition temperature (-60 °C). It can be processed using standard thermoplastic processing techniques for example injection moulding or extrusion [10] .
Non isothermal DSC
Scan rates of 2 and 100 C/min were used to study the melting and crystallisation properties of the PCL-PEG blends. Tables 3 and 4 detail the changes in melt temperature, degree of crystallinity and crystallisation temperature associated with the PEG in the PCL matrix for the differing scan rates. As expected, little change is noted in the melting temperature in Figure   5A ; however the degree of crystallinity (see ΔHm theoretical in Table 3 ) of PCL increased with the addition of the PEG and showed further increase with the addition of NA. This increase in crystallinity is a result of the plasticisation effect of PEG and the nucleation effect of NA. The shape of the melting curve is typical for crystallite reorganisation [4] , but on the addition of NA to the 25% PEG system, the melting curve displays a shoulder due to the formation of two crystal populations typically associated with polymer blends [17] with Tc = 40.1 and 34.7°C for PEG and PCL, respectively. PEG undergoes melting in the same temperature range as PCL but crystallises just below that of PCL, therefore it is likely that the mobile PEG chains act as sites for PCL crystal growth, resulting in heterogeneous nucleation. Coupled with this, the increase in crystallisation temperature (given in Table 2 ) for the blends when the PEG and NA are loaded brings about more refinement in the PCL crystals as seen in the narrowing of the melting width [5] . The 2 C/min scan rate gives the impression that both the PCL and PEG are miscible blends as shown in Figure 5B . In order to determine the separation of the PCL-PEG crystals, extra blends containing 1% and 70% (w/w) PEG were made for comparative purposes with the standard blends. Only one crystallisation peak can be determined at concentrations less than 25% PEG ( Figure 5B ). Only at very high concentrations could the separation of the PCL-PEG crystals be determined (70% PEG trace). Therefore, although not entirely conclusive, it is assumed that at low concentrations the PEG has no effect on the overall degree of PCL crystallisation and all enthalpies of fusion are treated as solely belonging to PCL. This method was also adopted by An et al in their work on PCL-PEG copolymers [18] . Table 2 shows the thermal data obtained for the PCL-PEG blends at a scan rate of 100 C/min. At this faster rate, data are more unreliable due to the thermal lag in the system which in this case results in increased Tm and decreased Tc in the region of 20 ˚C for the PCL moiety and a Tc decrease of 40 ˚C for the PEG moiety. However this inaccuracy is compensated by the ability of this analysis to separate out crystallisation peaks as shown in Figure 6 . The above discussion can be summarised showing the major differences in the scan rates for the blends in Figure 7 .
The cooling peak at ~22 °C is assigned to PCL, as the energy required to form crystals is associated with a higher temperature and the higher molecular weight of the PCL imparts more crystal stability, thus producing more perfect PCL crystals [19] . Therefore the PEG cooling occurs at the lower temperature of ~ 0°C, due to its smaller molecular weight and lower enthalpy of crystallisation
Isothermal crystallisation
The isothermal crystallisation of the PCL-PEG blends was studied at 38 °C over a 40 minute period. The temperature of 38°C was chosen since above this temperature melting begins. This analysis produces a long scan and crystallisation time, as crystal formation is no longer rate controlled. Figure 8 and Table 3 illustrate the isothermal behaviour of the PCL-PEG blends.
The addition of the PEG into the system has a detrimental effect on the enthalpy of fusion of the blends. However, addition of NA (acting as a nucleating agent) increases the crystallinity again, though this increase is counteracted by the increased loading of the PEG. The total time of crystallisation is reduced with the addition of the PEG and NA, thereby increasing the rate of crystallisation at 38 °C.
Thermogravimetric Analysis
Ramping the blends to a maximum temperature of 500 °C produced the degradation curves shown in Figure 9 . The onset for the thermal degradation of PCL and virgin PEG was determined from the graph to be approximately 400 and 370 °C, respectively, similar to those of [20] . The addition of PEG to PCL even in small amounts caused a notable decrease in the degradation temperature, resulting in a 10 ˚C decrease with 25%PEG. The addition of PEG into the blends causes an expected decrease in the onset of thermal decomposition temperature, with the decrease being proportional to the amount of PEG present. This is attributed to ease of main chain movement and decomposition. The addition of NA into the blends at 5% shows a small restoration of the PCL degradation temperature, probably due to a reduction in chain mobility. The thermal stability of the blends over the 100 minute period at 200 °C is shown in Figure 10 . The bulk polymers had good thermal stability throughout the experiment, losing ~2% of their weight. This is attributed to trapped water molecules or volatiles within the matrix [21] . However, the addition of PEG caused a consistent 1% increase in the thermal stability over the entire scan period, thereby indicating a small but synergistic thermal stability of the combined polymers. This thermal stability is still present even with the addition of NA with increased PEG weight fraction, while the onset of NA degradation remains unchanged at ~30 minutes [10] . In terms of PCL shielding of NA, this is slightly weakened by the introduction of PEG into the matrix, as seen in Figure 11 . Over the first 30 minute period before the degradation of the NA, the rate of volatiles/water expulsion can be seen to be greater with the PEG blend, and this can be attributed to the low molecular weight of PEG which allows the incorporation of more OH groups which are hydrophilic.
Wide Angle X-Ray Diffraction
WAXS was carried out on the PCL-PEG blends to determine the interaction between the crystal phases of both materials. Analysing the data in Figures 12A and 12B confirms some degree of interaction between the phases. The major crystal peaks of pure PCL at 21.26, 21.86 and 23.57 2θ are present in all blends unaltered, with new peaks at 2θ = 19.12, 23.28 and 26.97 due to the presence of PEG. Combination peaks in the XRD trace are visible in Figure 12B . The peaks at 18.4 and 27.04 are those of the PEG crystals indicating a mix of polymer crystals within the XRD sample. The small peak at 2θ = 11.81 occurs with the addition of the NA. Therefore no new peaks are formed for the blends of PCL and PEG, which indicates immiscibility between the polymers [15] , thus supporting the mechanical data. With the addition of PEG the average crystal size increased by 8%, with no further increases evident with increasing loading. This crystallite size is not to be confused with crystal size which is measured using optical microscopy. As there are both size and strain broadening of the XRD peak, the strain broadening can be assumed to remain unchanged with the addition of PEG in PCL. Therefore it is probable that no new defects in the crystal lattice or widening of the crystal size range occur [14] .
CONCLUSIONS
The mechanical performance of the blends is complex with the involvement of competing mechanisms of stiffing induced by NA and plasticisation induced by PEG. The addition of PEG to PCL even in small amounts caused a notable decrease in the degradation temperature, crystallinity, time of crystallisation and the average crystal size increased. PEG also contributed to a consistent improvement in the thermal stability of the blends. Both additives had little influence on PCL's melting and crystallisation temperatures. However, on addition of the thermally unstable NA, thermal degradation of PCL occurred earlier and was autocatalytic. NA did benefit from the heat shielding provided by the PCL matrix resulting in more thermally stable NA particles. NA had a nucleating effect on PCL crystallinity, as determined using DSC and confirmed by XRD analysis. The accretion of PCL crystals with NA addition was also observed, as the PCL crystal size increased. A similar result was noted with the PCL-PEG blends. 
